The relationship between structural, chemical and mechanical properties of nanocrystalline TiC/amorphous C (TiC/a:C) thin films was studied. Thin films were deposited by DC magnetron sputtering on oxidized silicon (Si/SiO 2 ) substrates in argon at 25
Introduction
Nanocomposite coatings composed of crystalline and amorphous nanophases have generated increasing interest. They are implemented in fundamental research and industrial and medical applications as well. 1 These films may be characterized by an unusual combination of mechanical and tribological properties such as high hardness and toughness, superior wear and corrosion resistance, low friction, good thermal conductivity and high electric conductivity. [1] [2] [3] [4] [5] Moreover, nanocomposite structures will be applied as protective materials or hard coating for multifunctional, industrial and engineering applications. [6] [7] [8] In previous studies only a few preparation methods for TiC films have been investigated in details. One of them, the vacuum deposition provides great flexibility for manipulating material chemistry and structure, resulting in films and coatings with special properties. 9 Wang et al. prepared the films by filtered cathodic vacuum arc deposition, 10 El Mel et al. produced them by a hybrid plasma process combining physical vapor deposition (PVD) 11 and Wang et al. deposited the films by plasma enhanced chemical vapor deposition (PECVD). 12 DC reactive magnetron sputtering and pulsed laser deposition also have been applied to the synthesis of TiC films. 13, 14 Sedláčková et al. deposited TiC based nanocomposites by magnetron sputtering from Ti and C targets at ambient air. 15 Several nanostructured TiC coating designs exist such as nanoscale multilayer coatings, nanostructured functionally graded coatings, 16 because the combination of Ti and C is a relatively easy and cheap process. 17 In this study, the structural, chemical and mechanical properties of TiC/a:C thin films deposited by DC magnetron sputtering were investigated. The dependence of thin film properties on the TiC and Ti content were revealed.
Experimental
The deposition of TiC based nanocomposites was carried out using a DC magnetron sputtering system in argon atmosphere at the pressure of 0.25 Pa, which consisted of one Ti target and one C target facing each other. The TiC based nanocomposite films were deposited onto Si (0 0 1) wafers with 300 nm thick oxidized SiO 2 at room temperature. The input power of the C target was kept at a constant value of 150 W while the input power of the Ti target varied between 15 and 50 W. The film thickness was controlled by the deposition time in such a way that all deposited layers had the same thickness of ∼400 nm.
Auger electron spectroscopy (AES), X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy (RS) were used for matrix characterization. The chemical bonding of the carbon films was investigated by near-infrared Raman spectroscopy (NIRS). The measurements have been carried out with a Renishaw1000 B micro-Raman spectrometer using a 785 nm diode laser which served as an excitation source. The structure of the thin films was investigated by transmission electron microscopy (TEM) using a Philips CM-20 operated at 200 kV accelerating voltage. The elemental composition of the films was measured by energy dispersive spectroscopy (EDS) using TEM equipped with a NORAN cooled Ge detector.
The average chemical composition of the films was examined by X-ray photoelectron spectroscopy (XPS) using an Al anode. The 5 mm × 5 mm sized specimens were mounted onto a larger Si wafer and were introduced to the chamber for analysis. The spectra were obtained using special CMA (Cylindrical Mirror Analyzer) with retarding field (type ESA 105 made by Staib Instruments Ltd.). Constant energy resolution (1.5 eV) was applied to all measurements. Full depth profile of the whole layers was measured by Auger electron spectroscopy (AES) determining the composition along the whole layer thickness and the sputtering speed. Depth profile was measured using 1 keV Ar ion beam at a 78 • angle of incidence. In case of XPS profile, the ion beam was scanned to such an extent that it sputtered the whole surface of the specimen evenly.
The mechanical characteristics of the TiC thin films were investigated by nanoindentation technique. The nanohardness and elastic modulus of the nanocomposite coatings were evaluated using an UMIS nanoindentation device with a Berkovich diamond indenter. The indentation tests were carried out under the applied load of 1 mN in order to keep the maximum penetration depth below one tenth of the layer thickness (400 nm). Indeed, the maximum indentation depth was between 30 and 50 nm for all samples. A series of 49 penetrations were recorded with the indents arranged in a 7 × 7 matrix with a neighbor spacing of 10 m.
Results and discussion

Chemical properties
The Raman spectra of the TiC/a:C thin films are shown in Fig. 1 . The spectra were measured within the wavenumber range of 200-2000 cm −1 with 785 nm excitation light. The bands of amorphous carbon were observed for the thin film prepared at minimum Ti power (15 W) between 1000 and 1700 cm −1 . The 1420 and 1530 cm −1 bands observable in the spectrum correspond to the D (disordered) and G (graphitic) peaks of the amorphous carbon. Both peaks were narrowed with increasing Ti content. It can be explained by the increasing order in the structure and graphitization. Additionally, titanium carbide bands have appeared in the spectra. Five peaks of TiC were observed at 360, 565, 670, 970 and 1075 cm −1 . The first three values show a fairly good agreement with the Raman spectrum of TiC 0.67 . 18 The differences may arise from the fact that the phase composition might not be the same.
The bulk composition of TiC layers was determined by XPS after removing the surface contamination by ion sputtering. The concentration was calculated by standard evaluation of XPS peaks using a sensitivity factor. 19 Peak shapes were fitted by a sum of Gaussian and Lorentzian after Shirley background subtraction. The XPS signal of carbon was decomposed into graphite and carbide according to their binding energy: graphite 284.0 eV and carbide (TiC) 281.8 eV. The difference of binding energy (2.2 eV) was enough to carry out a reasonably reliable decomposition of the detected combined peak. The result of decomposition is shown in Fig. 2 . The figure shows that the intensities of graphite line and carbide peaks change oppositely. The thin film consisted of lower graphite and higher carbide content or vice versa.
The composition of films prepared at various Ti target power is summarized in Table 1 . The lowest Ti content (16 at.%) is produced by the lowest Ti power (15 W). Then, the Ti content increases with the power to the last specimen reaching 40 at.%. The carbon in carbide state increases parallel with the Ti content. The remaining part of carbon is in graphite state that changes oppositely with Ti deposition rate: from ∼70 at.% to ∼8 at.%. It is reasonable to assume that all the Ti atoms reaching the target surface are bound to TiC during the deposition process. The excess carbon remains in graphite state. XPS spectra showed a small but definite Ar signal about 3-4%. It can be excluded that this Ar would be a result of ion sputtering before the XPS measurement because the applied low ion energy cannot enable the Ar ions to penetrate the target. The deposited films showed a thin TiO 2 coverage that was composed due to the air exposure after deposition. The bulk composition of TiC films was determined by XPS after removing the surface contamination and the oxide part by ion sputtering ( Table 1 ). The XPS measurement found weak oxygen signal in the films. The quantities that can be calculated from the measured intensities are 2-4% which increases with the Ti content of the layer. The measurement condition also made it possible to adsorb some oxygen from the vacuum environment at the active sputtered surface of TiC. Thus, this measurement is unable to identify the origins of the detected oxygen. The measured oxygen means an upper limit of oxygen content for the films. 
Mechanical properties
The load-depth curves obtained by indentation were evaluated for the hardness (H) and the Young's modulus (E) by the method of Oliver and Pharr. 20 Characteristic load-depth curves for different Ti powers are shown in Fig. 3 . The hardness and the elastic modulus of TiC nanocomposite thin films showed a distinct variation depending on metal target power (see Table 2 ). It is revealed that both hardness and Young's modulus increase with the increasing of the Ti target power. The increment is higher for lower power values. The sample prepared at the power of 50 W has the highest nanohardness of ∼66 GPa and Young's modulus of ∼401 GPa. The extremely high hardness of the current films might be due to the composition variation and the small grain size of the reinforcing TiC nanocrystallites. In comparison, the hardness and the Young's modulus of bulk TiC ceramic material are 30 GPa 21 and 439.43 GPa, 22 respectively. It is noted that the nanohardness values cannot be compared directly with the hardness determined at larger forces the hardness increases proportionately with decreasing test force (referred to as indentation size effect (ISE) [23] ). Similar high nanohardness values of ∼66 GPa were obtained by Wang et al. 10 on TiC/a:C films prepared by filtered cathodic vacuum arc technique. Gulbiński et al. 24 and Zehnder et al. 25 showed that with varying Ti concentration in TiC films prepared by reactive magnetron sputtering of the sample containing about 50 at.% Ti possessed the maximal microhardness of about 25 GPa. Nedfors et al. [26] showed a decrease of the elastic modulus Table 2 The hardness (H), the Young's modulus (E) and the ratio between the two quantities (H/E). with the increase of carbon content (increase of a-C phase) for Ti-C based coatings. The ratio between the hardness and elastic modulus (H/E ratio) gives an indication of the nanocomposite coating's wear resistance [27] . In the present experiments the H/E ratio of the TiC/a-C coatings showed values between 0.153 and 0.164. These values are three times higher than the H/E (∼0.05) of the films prepared by Nedfors et al. [26] . At the same time, the H/E obtained by Wang et al. [10] on TiC/a:C films prepared by filtered cathodic vacuum arc technique has a similar value of ∼0.13 which is determined for the present materials.
Structural characterization
Cross-sectional TEM investigations were performed on TiC/a:C thin films. These investigations confirmed that all thin films consist of nanometer-sized columnar TiC crystallites embedded in carbon matrix. The average size of TiC crystallites and the thickness of carbon matrix have been found to correlate with Ti content in the films, as will be shown below. The difference between the structures of the films prepared at 20 W and 40 W Ti power is illustrated in Fig. 4 .
The TEM investigation of film prepared at 20 W Ti unthoughted an "amorphous" character of films, because the content of TiC crystallites are extremely small (Fig. 4a) . The HREM investigation confirmed that this film consisted of 2-5 nm TiC crystallites embedded in ∼10 nm thick amorphous carbon (Fig. 4a) . However, the formation of TiC columns was started, but this growth was stopped for low content of Ti atoms compared with C atoms (Table 3 ) during deposition process. The film deposited at two times higher Ti power (40 W) showed 10-15 nm thick TiC columns and a few nanometer thick carbon Table 3 The elemental composition of the TiC based nanocomposite films. The error is ±2%. matrix between the TiC columns. The Selection Area Electron Diffraction (SAED) confirmed the presence of the cubic TiC phase (Fig. 4b) . The compositions of the TiC/a:C thin films determined by EDS were shown in Table 3 . These values are in accordance with the data determined by XPS. In case of EDS, the content of oxygen was lower than the detection limit except for the sample of 50 W where the value of oxygen is 0.5 at.%. Similar results were observed in our previous work. 17, 28 The film deposited at 20 W had a low Ti content of ∼8 at.% while the film deposited at 40 W contained four times higher Ti content (30.4 at.%). EDS and XPS measurements are in good correlation with the structure analysis. The increment in the Ti content was accompanied by the increase of the amount of TiC nanoparticles which became rougher at higher Ti power.
Conclusions
TiC/a:C thin films were deposited by DC magnetron sputtering at 25 • C in argon atmosphere. The films had thickness values of ∼400 nm and consisted of nanocrystalline TiC and amorphous carbon phases. The average size of TiC crystallites and the thickness of the amorphous carbon matrix strongly depended on deposition parameters, namely on Ti target power. Films deposited at 15 W Ti power consisted of few nanometers small TiC nanocrystallites embedded in a few ten nanometers thick carbon matrix. The increase of Ti content (with increasing Ti power) resulted in larger TiC nanocrystallites and a thinner carbon spacing between the TiC phases. This structural observation correlated with the concentration determined by XPS and EDS measurements. The XPS signal of carbon was decomposed for graphite and carbide according to their binding energies. This observation correlated with Raman measurements. These results confirmed that all Ti atoms were bonded to C.
The nanohardness of TiC/a:C thin films increased proportionately with the TiC crystallite content measured in the films. The highest nanohardness of 66 GPa and elastic modulus of 401 GPa were observed in the film prepared at 50 W, which consisted of 15 nm thick TiC columns separated by a 2-3 nm thin amorphous carbon matrix. The extremely high hardness of the films may be due to the large amount and the small grain size of TiC nanocrystallites.
